Introduction
A single layer of columnar epithelial cells, which are derived from the crypt compartment, lines the intestinal mucosa. These cells, which have a life span of 3-5 d, proliferate in the crypt compartment and differentiate as they migrate to the luminal surface of the colon or up the villous surface in the small intestine (1) . To maintain stable numbers of enterocytes, proliferation is counterbalanced by programmed cell death (apoptosis). Apoptosis occurs spontaneously in epithelial cells in the crypt compartment, where it maintains the critical balance in cell number between newly generated and surviving cells, and at the luminal surface of the colon and villous tips in the small intestine, where differentiated epithelial cells are lost (2) (3) (4) .
Apoptosis results in the deletion of epithelial cells from the intestinal mucosa with little, if any, accompanying inflammatory response since cells undergoing apoptosis are ingested by phagocytic cells or shed into the intestinal lumen. Moreover, morphologic studies suggest that cell death by apoptosis results in little disruption of the intestinal epithelial barrier integrity (5) . In contrast, necrosis in response to cell injury is associated with the rupture of the cell membrane and the release of cellular contents, which often is accompanied by an inflammatory response.
Apoptosis is a regulated multistep intracellular process that can be signaled from the external environment or from within the cell. For example, apoptosis of cultured human colon epithelial cells can be induced by stimulation of cells with cytokines (e.g., IFN-␥ in combination with TNF-␣ ) (6, 7) or by ligation of Fas receptor (CD95/Apo-1) on the cell surface (6, 8) . Apoptosis of human colon crypt and surface epithelial cells also has been observed after mucosal infection with HIV-1 (9) and during acute Shigella colitis (10), but it is not known whether this epithelial response is a direct consequence of the infection or is due to mediators released during the accompanying inflammation.
The intestinal mucosa is an important route of entry for microbial pathogens. Furthermore, intestinal epithelial cells are the initial sites of interaction of the host with invasive enteric pathogens. Following bacterial entry, intestinal epithelial cells rapidly (i.e., within 60-90 min) upregulate the expression of an inflammatory gene program that includes the cytokine TNF-␣ and an array of proinflammatory chemokines that chemoattract neutrophils and mononuclear phagocytes (11) (12) (13) . The early epithelial response to bacterial infection also includes the upregulated expression and production of inducible nitric oxide synthase (iNOS) 1 and nitric oxide (NO) (14) . Thus, in the first few hours after bacterial invasion, human colon epithelial cells produce mediators that have the potential to orchestrate the onset of the mucosal inflammatory response (15) . Some of these mediators also have the potential to induce apoptosis of human colon epithelial cells (6, 7, 16) . In other systems, mouse monocyte-macrophage cell lines were shown to rapidly undergo apoptosis within 1-2 h of infection with the enteric pathogens Shigella , Salmonella , and Yersinia (17) (18) (19) , although 1 . Abbreviations used in this paper: AG, aminoguanidine; CM, conditioned media; DiOC 6 (3), 3 Ј 3-dihexyloxacarbocyanine iodide; GFP, green fluorescent protein; iNOS, inducible nitric oxide synthase; L-NAME, N G -nitro-L -arginine methyl ester; NO, nitric oxide; SNAP, S-nitroso-N -acetyl-D , L -penicillamine. these pathogens did not activate apoptosis of human macrophages or human cervical epithelial cells when examined over a similar time frame (19) (20) (21) .
We hypothesized that apoptosis may be a delayed epithelial response to infection with enteroinvasive bacteria and linked to the epithelial cell proinflammatory response, and the present studies tested this notion. It is shown that human colon epithelial cells undergo apoptosis in response to infection with enteroinvasive bacteria. Moreover, apoptosis occurs as a relatively late event, requires bacterial invasion and replication, and is linked to the activation of the early epithelial cell inflammatory program. Thus, TNF-␣ and NO, which are upregulated as key components of the host's early proinflammatory gene program in response to bacterial infection of epithelial cells, play an important role in regulating the apoptotic process in those cells. These results broaden current concepts regarding the range of epithelial cell responses to bacterial infection and suggest new functions for host cell apoptosis in the pathogenesis of mucosal infection.
Methods

Cell lines
HT-29 human colon epithelial cells (ATCC HTB 38) and Caco-2 human ileocecal epithelial cells (ATCC HTB 37) were grown in RPMI 1640 medium with 10% FCS. T84 human colon epithelial cells were grown in 50% DME, 50% Ham's F12 medium, and 5% newborn calf serum as previously described (22). In some experiments, as indicated, HT-29 cells were grown for 24 h before use in arginine-free DME with 10% dialyzed FCS.
Bacteria
These studies used a Salmonella dublin lane strain (11) and two isogenic mutants of S. dublin lane. SL5647 is an aroA mutant of S. dublin lane that was prepared by Dr. B. Stocker, Stanford University (23, 24) . SB133 is an invA invasion defective mutant of S. dublin (11, 25) . In addition, these studies used S. typhimurium SL1344 (provided by Dr. D. Guiney, UCSD) and an aroA mutant of S. typhimurium SL1344, enteroinvasive Escherichia coli O29:NM (ATCC 43892), and a nonpathogenic E. coli , DH5 ␣ (GIBCO BRL, Gaithersburg, MD). Bacteria were grown to late log phase at 37 Њ C in tryptic soy broth before infection as described before (11, 26) .
Cytokines and other reagents
Recombinant human TNF-␣ and goat anti-human TNF-␣ (IgG isotype) were purchased from R&D Systems (Minneapolis, MN). Normal goat IgG was purchased from Sigma Chemical Co. (St. Louis, MO). FITC-conjugated goat anti-Salmonella common structural antigen-1 was purchased from Kirkegaard and Perry Laboratories Inc. (Gaithersburg, MD). Chloramphenicol and aminoguanidine were obtained from Sigma Chemical Co. S-nitroso-N -acetyl-D , L -penicillamine (SNAP) was from Cayman Chemical Co. (Ann Arbor, MI) . N G -nitro-L -arginine methyl ester (L-NAME) was from ICN Biomedical Inc. (Aurora, OH). The DNA dye Hoechst 33258 (2 Ј -(4-hydroxyphenyl)-5-(4-methyl-piperazinyl)-2,5 Ј -bi-1H-benzimidazole) was from CalBiochem (La Jolla, CA). 3 Ј 3-dihexyloxacarbocyanine iodide (DiOC 6 (3)) was from Molecular Probes (Eugene, OR).
Infection protocol
Cells were seeded into 6-well tissue culture plates (Costar, Cambridge, MA) at 10 6 per well and grown to confluence (i.e., ‫ف‬ 24 h for HT-29 cells, 48 h for Caco-2 cells, Ͼ 96 h for T84 cells). Cultures were infected with bacteria for 1 h to allow bacterial entry to occur. Extracellular bacteria were removed by washing, and the cultures were incubated in the presence of gentamicin (50 g/ml) to kill remaining extracellular bacteria (11) . To prepare conditioned media (CM), supernatants from bacteria-infected cultures were removed 18 h postinfection, filtered through a 0.22 m filter, and kept frozen at Ϫ 80 Њ C until use. Numbers of intracellular bacteria were determined after lysing epithelial cells in distilled water (11) .
Assays for apoptosis in epithelial cell lines
Morphologic assessment. Cells undergoing apoptosis were identified by staining monolayers with the DNA dye Hoechst 33258 (5 g/ml) or by staining adherent and nonadherent cells with acridine orange and ethidium bromide (27, 28) . For the latter, adherent cells were detached using 0.25% trypsin/0.25% EDTA in PBS for 3-5 min, washed, pooled with washed nonadherent cells, and adjusted to 5 ϫ 10 5 cells/ml. 100 l of a mixture of 100 g/ml each of acridine orange and ethidium bromide were added to 5 ϫ 10 5 cells in a 1-ml volume. Cell preparations were examined by epifluorescence microscopy.
DiOC 6 (3) staining. Mitochondrial transmembrane potential ( ⌬ m ) was assessed using DiOC 6 (3) staining and flow cytometry (29) . Reduced mitochondrial potential is known to occur late in the apoptotic process relative to the release of cytochrome c from mitochondria (30) . Briefly, adherent cells were detached, pooled with nonadherent cells, and washed with cold PBS, after which cells (5 ϫ 10 FITC-labeled annexin V and propidium iodide staining. FITC-conjugated annexin V, which binds to phosphatidylserine (31, 32) , and propidium iodide were added to 10 5 cells, after which cells were incubated for 15 min at room temperature in the dark according to the manufacturer's instructions (Apoptosis Detection Kit; R&D Systems), and cells were analyzed by flow cytometry. Early apoptotic cells stained with annexin V alone, whereas necrotic cells and late apoptotic cells stained with both annexin V and propidium iodide.
Cell death detection ELISA. To assess DNA fragmentation, nucleosomes were quantitated in the cytoplasm using a sandwich ELISA (Cell Death Detection ELISA plus kit; Boehringer Mannheim, Indianapolis, IN). Briefly, adherent cells were detached and 5 ϫ 10 4 cells were lysed, after which cytosolic oligonucleosomes were quantitated using biotin-coupled mouse monoclonal anti-histone antibody as the capturing antibody and peroxidase-conjugated mouse monoclonal anti-DNA antibody as detecting antibody, and ABTS (2,2 Ј -azino-di [3-ethylbenzthiazolin-sulfonat] ) as the developing reagent. The relative increase in nucleosomes in the cytoplasm is expressed as an enrichment factor which was calculated as the ratio of specific absorbance in lysates from bacteria-infected compared with uninfected cells as described by the manufacturer.
Bacteria labeling with green fluorescent protein (GFP)
S. dublin bacteria were grown in LB broth to an OD 600 of 0.5, after which approximately 10 9 bacteria in 100 l were electroporated with 2 g of a plasmid, pKEN2-GFPmut2, encoding GFP (33). Transformants were selected on LB agar plates supplemented with 50 g/ml carbenicillin.
Determination of nitrite and TNF-␣ production
NO is rapidly converted to the stable end products nitrite and nitrate. The concentration of nitrite in culture supernatants was quantitated using the Griess reaction (34) . Briefly, 100 l of culture supernatant was combined with an equal volume of Griess reagent (0.5% sulfanilamide/0.05% naphthylethylene-diamine dihydrochloride in 2.5% H 3 PO 4 ) and incubated for 10 min at room temperature. Absorbance was measured at 550 nm with an ELISA reader and compared with a standard curve generated with sodium nitrite. Sensitivity of the assay was ‫ف‬ 1 M. NO production by cells was inhibited by incubating cells with the NOS inhibitors L-NAME or aminoguanidine or by growing cells in arginine-free medium supplemented with dialyzed FCS. TNF-␣ levels in culture supernatants were assayed by ELISA. The TNF-␣ ELISA (Quantikine HS; R&D Systems) was sensitive to 0.2 pg/ml.
Results
Enteroinvasive bacteria induce apoptosis in human colon epithelial cell lines
Monolayers of HT-29 human colon epithelial cells were infected with two Salmonella strains, S. dublin and S. typhimurium , or enteroinvasive E. coli (serotype O29:NM), as prototypic invasive bacteria known to activate strongly an epithelial cell inflammatory gene program (11) (12) (13) (14) 26) , and apoptosis was assessed by several methods. S. dublin -or enteroinvasive E. coli -infected monolayers of HT-29 cells contained three-to sixfold more apoptotic cells than control uninfected monolayers. Fig. 1 shows, as an example, nuclear fragmentation characteristic for apoptosis in S. dublin -infected HT-29 cells stained with the DNA dye Hoechst 33258. Similar nuclear condensation and fragmentation were observed in S. dublin -infected HT-29 cells stained with acridine orange and ethidium bromide (data not shown). Morphologic assessments of apoptosis were confirmed by staining cells with FITC-annexin V to detect externalization of phosphatidylserine to the outer leaflet of the cell membrane (31, 32) , by DiOC 6 (3) staining to detect reduced mitochondrial transmembrane potential (29) (Table I and Fig. 2) , and by the release of oligonucleosomes into the cytoplasm using a cell death detection ELISA (Table I ). The ratio of apoptotic cells in infected compared with control cultures was similar with each of the above methods, although absolute numbers differed (Table I) . Similar increases in apoptotic cell numbers were noted following S. dublin or enteroinvasive E. coli infection of two additional human colon epithelial cell lines, Caco-2 and T84. The percentage of apoptotic cells in Caco-2 cultures was 17.6 Ϯ 0.2% after S. dublin infection and 14.7 Ϯ 1.5% after enteroinvasive E. coli infection compared with 6.3 Ϯ 1.1% in uninfected controls. The percentage of apoptotic cells in T84 cultures was 18.8 Ϯ 0.6% after S. dublin infection and 18.6 Ϯ 1.3% after E. coli infection compared with 8.2 Ϯ 1.0% in uninfected controls (DiOC 6 (3) staining 24 h after infection; mean ϮSE, n ϭ 3).
Apoptosis in colon epithelial cell lines is a relatively late response after bacterial infection and requires bacterial invasion, as well as bacterial replication and protein synthesis
Apoptosis was a relatively late epithelial cell response to bacterial infection. As shown in Fig. 3 , apoptosis was first appar- when added as late as 6 h after S. dublin infection (Table III) . These data indicate bacterial protein synthesis in the initial several hours after infection is required to activate the later apoptotic response.
To assess further the relationship between bacterial infection and apoptosis, HT-29 monolayers in 6-well plates were infected with 5 ϫ 10 7 GFP-expressing S. dublin per well. 24 and 48 h later, cells were stained with Hoechst dye 33258 and examined by epifluorescence microscopy for the presence of intracellular bacteria and apoptotic nuclei. Approximately 20% of cells contained bacteria. Although a few infected cells contained as many as 5-10 bacteria per cell, which is similar to the numbers seen after infection with the same inocula of unlabeled S. dublin, bacterial replication in many of the cells infected with GFP-labeled bacteria was much lower (e.g., 2-3 bacteria per cell). Consistent with this low level of intracellular replication, only 5-7% of cells were apoptotic. Moreover, among the apoptotic cells, some contained bacteria while oth- (11, 12, 26, 35) in human colon epithelial cells is associated with bacterial invasion, we asked whether the ability of bacteria to invade was important for initiating the apoptotic response. This was the case since apoptosis was not increased in HT-29 cells cultured with a noninvasive, nonpathogenic E. coli (Fig. 3) or an invasion-defective mutant of S. dublin, SB133 (Table II) , which is isogenic with S. dublin lane, but 50 to 100-fold less invasive (25) . Further, intracellular replication of invaded bacteria was important for the maximal induction of apoptosis. Thus, SL5647, an aroA mutant of S. dublin, which is isogenic with S. dublin lane and as invasive for HT-29 cells as the parental strain, but replicates more slowly inside cells, had a decreased ability to induce apoptosis compared with the wild-type parental strain (Table II) . In contrast, production of the chemokine IL-8 did not differ significantly in HT-29 cultures infected with the replication-deficient S. dublin SL5647 compared with the parental S. dublin lane strain (data not shown).
Apoptosis increased with increasing bacterial inocula (Fig.  4) . However, induction of apoptosis required a higher bacterial inocula after infection with enteroinvasive E. coli compared with S. dublin. This could either reflect decreased invasiveness of enteroinvasive E. coli compared with S. dublin, or a lower efficiency of invaded E. coli in activating apoptosis. The latter appeared to be mostly responsible since HT-29 cells infected with identical inocula of S. dublin and enteroinvasive E. coli differed by only two-to fivefold in the numbers of recovered viable intracellular bacteria as measured 4 h after infection.
To determine if protein synthesis by invaded bacteria was required for the induction of apoptosis, HT-29 monolayers were infected with S. dublin or enteroinvasive E. coli and further incubated in the presence of the cell permeant antibiotic chloramphenicol to inhibit bacterial protein synthesis. Addition of chloramphenicol immediately after the 1-h infection period decreased the number of apoptotic cells in S. dublininfected cultures by ‫ف‬ 70% (Table III) and the number of apoptotic cells in enteroinvasive E. coli-infected cultures by ‫ف‬ 40% (data not shown) as assessed 24 h after infection. Chloramphenicol also inhibited apoptosis, albeit to a lesser extent, Invasion of HT-29 cells with wild-type S. dublin and replication defective S. dublin SL5647 were almost identical (i.e., 1.3% and 1.4% of the infecting dose of those strains, respectively, were recovered from HT-29 cells 4 h postinfection). The doubling time of the isogenic S. dublin SL5647 was ‫ف‬ twofold longer than that of wild-type S. dublin in HT-29 cells over the 24 h period postinfection, which resulted in eight-fold greater numbers of intracellular bacteria in cells infected with the parental compared with the mutant replication defective strain.
‡ Significantly increased compared to control (P Ͻ 0.05).
§ ND, not done.
ers did not. These data suggest either that bacteria are killed in cells undergoing apoptosis, possibly by the entry of gentamicin from the culture medium and/or their exit from cells undergoing apoptosis, or that apoptosis occurs in uninfected "bystander" cells. The former appears to be mainly the case since apoptotic cells were mostly present as dispersed single cells scattered throughout the culture and were not surrounded by adjacent apoptotic cells as would be expected if apoptosis occurred mainly in bystander cells. /well enteroinvasive E. coli were 112Ϯ10.6 pg/ml and 34.3Ϯ5.8 pg/ml, respectively, whereas uninfected cultures contained Ͻ 0.2 pg/ml TNF-␣ (values are meanϮSE, n ϭ 4)]. Since TNF-␣ had been shown to contribute to apoptosis in HT-29 cells (6, 7), we determined whether TNF-␣, produced as part of the epithelial cell response to bacterial infection, played a role in activating apoptosis after bacterial infection. As shown in Fig. 5 for S. dublin-infected cells, when endogenous TNF-␣ was blocked by adding anti-TNF-␣ antibody, bacteria-activated apoptosis was inhibited reproduc- ibly by ‫ف‬ 20%. Anti-TNF-␣ treatment also significantly inhibited apoptosis of enteroinvasive E. coli-infected HT-29 cells (P Ͻ 0.01) (enrichment factor in cell death detection ELISA: E. coli-infected, 3.9Ϯ0.2; E. coli-infected ϩ anti-TNF-␣, 2.1Ϯ0.1; E. coli-infected ϩ control Ig, 3.7Ϯ0.6; meanϮSE, n ϭ 3). Consistent with these findings, the addition of CM from S. dublin or enteroinvasive E. coli-infected HT-29 cells to uninfected HT-29 cells induced a two-to threefold increase in the number of apoptotic cells after 48 h in culture, and those responses were completely blocked by anti-TNF-␣, but not control antibody (data not shown). Moreover, endogenous TNF-␣ in infected cultures was sufficient to mediate a maximal apoptotic response to that mediator since adding recombinant TNF-␣ (20 ng/ml) to S. dublin or enteroinvasive E. coli-infected HT-29 cells did not lead to greater numbers of apoptotic cells than induced by infection alone. Taken together, these data support an autocrine/paracrine role for TNF-␣ in mediating apoptosis of bacteria-infected human colon epithelial cells. Further, the inability to block completely apoptosis by blocking TNF-␣ suggests that mediators other than TNF-␣ are involved in the activation of apoptosis after bacterial infection.
Role of TNF-␣ and NO in mediating bacteria-induced apoptosis Role of TNF-␣. TNF-␣ production is upregulated in S. dublin-or enteroinvasive E. coli-infected
Role of NO. NO production is upregulated in human colon epithelial cell lines in response to infection with S. dublin or enteroinvasive E. coli (14) . We determined whether NO, produced by human colon epithelial cells during bacterial infection, was linked to increased apoptosis of those cells. As shown in Fig. 6 for S. dublin infection, at 48 h after infection, apoptosis of HT-29 cells was significantly inhibited by L-NAME or AG at concentrations that inhibited epithelial cell NO production by 75-80%. L-NAME and AG also decreased apoptosis, although to a lesser extent, in S. dublininfected HT-29 cells at 24 h after infection (inhibition by L-NAME 23.8Ϯ4.6% [n ϭ 6] and by AG 25.4Ϯ1.7% [n ϭ 3]; values are meanϮSE). Furthermore, when NO production was inhibited by 90-95% by culturing cells in arginine-free medium, apoptosis was inhibited by 66.7Ϯ4.1% in S. dublininfected and by 62.7Ϯ9.2% in enteroinvasive E. coli-infected cultures, as assessed 48 h after infection. In contrast, apoptosis of HT-29 cells primed with IFN-␥ and stimulated with TNF-␣ was not affected by culturing cells in arginine-free medium (enrichment factor in cell death detection ELISA was 5.4 in arginine-free medium and 5.3 in control medium). Inhibition of NO production did not alter bacterial entry or replication when assessed 4 and 24 h after infection (data not shown).
Since pathways involving either TNF-␣ or NO were shown to regulate apoptosis in bacteria-infected HT-29 cells, we assessed whether blocking the production of both mediators, in combination, was more effective at inhibiting apoptosis than inhibiting each individually. Inhibiting TNF-␣ and NO in S. dublin-infected HT-29 cells yielded an additive but not a synergistic effect (% inhibition of apoptosis assayed by cell death detection ELISA 24 h after infection: anti-TNF-␣ alone 19.2Ϯ2.9%, L-NAME alone 13.9Ϯ1.3%, anti-TNF-␣ ϩ L-NAME 31.0Ϯ3.3%, n ϭ 3). Consistent with this, when both TNF-␣ (20 ng/ml) and an NO donor, SNAP (0.5 mM), were added to uninfected HT-29 cultures for 24 h, the increase in apoptosis was additive and not synergistic (enrichment factor in cell death detection ELISA: SNAP alone 3.10Ϯ0.39; TNF-␣ alone 2.32Ϯ0.14; SNAP ϩ TNF-␣ 4.93Ϯ0.67; meanϮSE, n ϭ 3). Blocking NO production by L-NAME treatment or culturing cells in arginine-free medium had no effect on S. dublinor enteroinvasive E. coli-induced TNF-␣ release (data not shown). Further, addition of anti-TNF-␣ to culture did not affect NO production by S. 
Discussion
These studies define apoptosis as a new category of response of human intestinal epithelial cells to bacterial infection and provide a link between the early activation of the epithelial cell proinflammatory program and the later onset of epithelial apoptosis. The onset of apoptosis in bacteria-infected intestinal epithelial cells is a relatively late event that is first noted 12-18 h after bacterial entry. Moreover, TNF-␣ and NO, which are produced as part of the epithelial cell proinflammatory response in the initial few hours after bacterial invasion (12, 14, 26) , were shown herein to have an important role in regulating the later apoptotic response of bacteria-infected human intestinal epithelial cells.
Apoptosis can be induced in several cell types by TNF-␣ (6, 7, 36, 37) . Following bacterial infection, TNF-␣ production is upregulated and reaches maximal levels within 3 h (26). As shown herein, blocking TNF-␣ activity in infected cultures blocked, in part, the activation of apoptosis. The expression of TNF-␣ receptors and sensitivity of HT-29 cells to TNF-␣-induced apoptosis are increased by IFN-␥ priming (6, 7, 38) , a finding we confirmed (data not shown). However, neither HT-29 cells nor the other human colon epithelial cell lines tested herein (i.e., Caco-2, T84) express IFN-␥ (12, 22) , and apoptosis of these cells after bacterial infection occurred in the absence of added IFN-␥.
Increased NO production in bacteria-infected HT-29 cultures was linked to increased apoptosis, since inhibition of NO production by NO inhibitors or growing cells in arginine-free media decreased bacteria-induced apoptosis. Although exogenous addition of NO donors, or the potent oxidant peroxynitrite, induced apoptosis in cultured human colon epithelial cells (16, 39) , endogenous peroxynitrite did not appear to play a role in bacteria-induced apoptosis of the cells studied herein since no evidence was found for a differential representation of proteins containing nitrotyrosine residues in bacteriainfected and control cells (data not shown). In addition, although apoptosis can be activated in cultured human colon epithelial cells by ligation of Fas receptor (CD95/Apo-1) (6, 8) , bacteria-induced apoptosis was not mediated by extracellular signaling through Fas receptor (data not shown).
Our findings with human colon epithelial cells stand in marked contrast to earlier reports that studied apoptosis of mouse monocyte-macrophage cell lines following bacterial infection. Bacteria-induced activation of apoptosis was first apparent at 12-18 h after Salmonella infection of cultured human colon epithelial cell lines. Further, detectable activation of caspase-3 (CPP32), which is known to play a central role in the caspase cascade leading to apoptosis (40), was not seen until 6 h after infection (data not shown). In contrast, Shigella, Salmonella, and Yersinia induced apoptosis in mouse monocytemacrophage cell lines within 1-2 h of infection (17) (18) (19) , although Shigella did not induce apoptosis of human macrophages, suggesting important species differences between these cells in mice and humans (20) . Of note, Shigella and Yersinia did not induce apoptosis of a human cervical epithelial cell line after infection (19, 21) . However, apoptosis was assessed only during the first few hours after infection, which is prior to the time apoptosis of human colon epithelial cells was seen in our studies. Apoptosis in mouse macrophage cell lines after S. flexneri or Y. enterocolitica infection was linked to the production of bacterial type III secretory proteins that are important for bacterial entry (19, 41) . The IpaB protein of S. flexneri-activated IL-1 converting enzyme (i.e., ICE or caspase-1) and subsequent apoptosis in mouse macrophages, whereas apoptosis in response to Y. enterocolitica infection depended on the YopP protein and did not require bacterial internalization (19, 42) . After Salmonella infection of mouse macrophages, apoptosis was an early event associated with membrane ruffling (18) . In contrast to murine monocyte-macrophage cell lines, apoptosis of human colon epithelial cells, which are nonphagocytic, was associated with bacterial entry and replication. The commitment of cells to undergo apoptosis at later time points was delayed for up to 6 h after infection, and morphologic and biochemical changes characteristic of apoptosis were delayed for 12-18 h after infection, suggesting that epithelial cells activate antiapoptotic mechanisms. The delayed onset of apoptosis might be explained, in part, by activation of the transcription factor NF-B after bacterial entry (43) . In this regard, NF-B activation appears to promote cell survival and suppress signals for cell death since inhibition of NF-B results in increased apoptosis in human and mouse cell lines stimulated with TNF-␣ and increased apoptosis of cultured human endothelial cells infected with Rickettsia rickettsii (36, 44, 45) .
Increased apoptosis was observed in three different human intestinal epithelial cell lines that were infected using two different invasive pathogens, Salmonella and enteroinvasive E. coli. These bacteria use different strategies for host cell invasion and uptake and, following invasion, have different intracellular locations (i.e., Salmonella resides in membrane vesicles, whereas enteroinvasive E. coli lyse such vesicles and reside in the cytoplasm) (46) . These findings suggest that epithelial cell apoptosis is a conserved response of intestinal epithelial cells to bacterial invasion. Consistent with this, we found that human intestinal epithelial cells in an intestinal xenograft model (47) undergo apoptosis following infection of the xenografts with Salmonella (data not shown) and others have noted apoptosis of colon epithelial cells in vivo during the course of Shigella enteritis (10), although it is not known if this is a direct or indirect response to bacterial invasion.
Enteroinvasive bacteria can pass through epithelial cells within hours after infection (11) . Thus, elimination of cells by apoptosis, which occurs later, is unlikely to prevent systemic host infection by clearing bacteria-infected epithelial cells, although apoptosis could delete epithelial cells that remain persistently infected. However, we suggest that the delayed onset of epithelial cell apoptosis has other important functions for both the host and the invading pathogen. It provides sufficient time for epithelial cells to generate signals required for the rapid activation of mucosal inflammation which can benefit host survival. However, it provides invading bacteria sufficient time to adapt to the intracellular environment and multiply before invading deeper mucosal layers. We further suggest a major role for apoptosis after bacterial infection may be to delete populations of epithelial cells from the intestinal mucosa to restore normal epithelial cell growth regulation. Thus, mucosal infection can result in increased crypt mitotic activity (48, 49) , crypt hyperplasia and branching, and increased epithelial cell proliferation with heaping up of epithelial cells (50, 51) . Consistent with altered epithelial cell growth, prostaglandin H synthase-2, which inhibits apoptosis in bacteria-infected intestinal epithelial cells (data not shown) as well as noninfected cells (52) , is upregulated for more than 24 h after bacterial infection in both infected and uninfected neighboring epithelial cells (26) . From the host perspective, deleting those populations of epithelial cells by apoptosis could restore normal regulation of epithelial growth and differentiation, while preserving the integrity of the epithelial mucosal barrier.
